Novel corn milling co-products developed from technological advancements in ethanol production vary widely in chemical composition and nutrient availability. The objectives of this study were to characterize feed protein fractions and evaluate differences in rumen-undegradable protein (RUP) and its digestible fraction (dRUP), amino acid concentration, and in vitro gas production of 7 corn milling co-products. The crude protein (CP; % of dry matter) of co-products was 12.7 for germ, 26.9 for dried distillers grains plus solubles that had no heat exposure before fermentation (DDGS1), 45.4 for highprotein dried distillers grains (HPDDG), 12.7 for bran, 30.2 for wet distillers grains plus solubles (WDGS), 23.1 for wet corn gluten feed (WCGF), and 26.0 for dried distillers grains plus solubles that had heat exposure before fermentation (DDGS2). Two ruminally and duodenally fistulated Holstein steers weighing 663 ± 24 kg were used to determine RUP and dRUP with the in situ and mobile bag techniques. Samples of each feed were ruminally incubated for 16 h, and mobile bags were exposed to simulated abomasal digestion before insertion into the duodenum and subsequent collection in the feces. Protein fractions A, B 1 , B 2 , B 3 , and C were characterized as follows (% CP): germ = 30.0, 15.0, 38.9. The proportions of RUP and dRUP were different and are reported as follows (% CP): DDGS2 = 56.3, 91.9; HPDDG = 55.2, 97.7; WDGS = 44.7, 93.1; DDGS1 = 33.2, 92.1; bran = 20.7, 65.8; germ = 16.5, 66.8; and WCGF = 11.5, 51.1. The concentrations of Lys and Met in the RUP were different and are listed as follows (% CP): germ = 2.9, 2.0; DDGS1 = 1.9, 2.0; HPDDG = 2.0, 3.2; bran = 3.2, 1.5; WDGS = 1.9, 2.3; WCGF = 3.5, 1.6; and DDGS2 = 1.9, 2.4. In vitro gas production (mL/48 h) was highest for germ (52.1) followed by bran (50.1), WDGS (40.7), DDGS2 (40.1), WCGF (39.0), DDGS1 (38.6), and HPDDG (37.5). Comparison of co-products defined differences in chemical composition, protein fractionation, ruminal availability, and microbial fermentation. 1 All entities except NPN and peNDF were analyzed by Dairy One Forage Laboratory, Ithaca, NY. 2 Germ = dehydrated corn germ meal; DDGS1 = dried distillers grains plus solubles (no heating or cooking before fermentation); HPDDG = high protein dried distillers grains (no solubles included); Bran = corn bran plus solubles (pelleted); WDGS = modified wet distillers grains plus solubles; WCGF = wet corn gluten feed; DDGS2 = dried distillers grains plus solubles (had heating and cooking before fermentation). 3 Soluble protein. 4 NPN determined using the nonprotein nitrogen standard procedure from Licitra et al. (1996) . 5 NFC calculated as 100 − (CP + ether extract + ash + NDF). 6 Physically effective NDF equals the % of DM particles >1.18 mm in length × % of NDF (Mertens, 1997) .
INTRODUCTION
Technological advancements in biorefining methods used to produce ethanol have resulted in novel coproducts, some of which are recovered before fermentation, that vary widely in chemical composition and nutrient availability (Murthy et al., 2006) . Enhanced technology increases the efficiency of ethanol production by capturing more starch and using less energy during the milling process (Ponnampalam et al., 2004) . In a traditional dry milling process, corn grain is heated before yeast-based fermentation and the subsequent distillation that separates ethanol from whole stillage. This stillage separated from wet grains is evaporated to become condensed corn distillers solubles that may be added back to wet grains, which may then be dried to produce the common feedstuff dried distillers grains with solubles (DDGS). Exposure to high temperatures during manufacturing may damage or denature a portion of the protein in DDGS (Kleinschmit et al., 2006) , which may render the protein less available to the animal (Licitra et al., 1996) .
Alternative technology aimed at improving ethanol yield may negatively affect nutrient availability of accompanying co-products (Ponnampalam et al., 2004; Murthy et al., 2006 Murthy et al., , 2008 . One method replaces the heating and cooking steps before fermentation in the traditional dry milling process with raw starch hydrolysis (Wang et al., 2007) . Proteins may be denatured by high temperatures and as a result may be less available for ruminal digestion Firkins et al., 1984) . Further investigation of feeds resulting from the new process is warranted. Another recently developed corn-ethanol production method fractionates whole corn into 3 main components: endosperm, germ, and bran (Corredor et al., 2006; Murthy et al., 2008) . The endosperm is fermented through a similar dry milling process that avoids high temperatures before fermentation to yield ethanol and high-protein dried distillers grains. The germ is dried and sold as dehydrated corn germ meal.
Corn milling co-products have been successfully included in lactating dairy rations (VanBaale et al., 2001; Anderson et al., 2006; Kleinschmit et al., 2006; Kononoff et al., 2006; Janicek et al., 2007) . Practically, the inclusion of corn milling co-products is often limited because the chemical composition and nutrient availability of these feeds is poorly understood or characterized. Consequently, there is a need to accurately characterize the nutrient concentration of these co-products before they can successfully be included at higher levels in dairy rations. The main objective of this study was to evaluate 7 corn milling co-products by obtaining information on the chemical composition as well as the degradability of protein in the rumen and intestine.
MATERIALS AND METHODS
All surgical and animal handling procedures were monitored and approved by the University of Nebraska Institutional Animal Care and Use Committee before conducting this research.
Sample Preparation for Corn Milling Co-Products
Individual samples of 7 corn milling co-products were received by the University of Nebraska Ruminant Nutrition Laboratory (Lincoln, NE). These samples included corn germ meal (hereafter germ), dried distillers grains plus solubles derived from dry milling that replaced heating and cooking before fermentation with raw starch hydrolysis (DDGS1), high-protein dried distillers grains derived from the fractionation process (HPDDG), bran cake produced from the fractionation process (hereafter bran), modified wet distillers grains (WDGS), wet corn gluten feed (WCGF), and dried distillers grains plus solubles produced with a traditional dry milling process (DDGS2). Each feed originated from a different ethanol plant with the exception of germ, bran, and HPDDG, which originated from the same plant.
Chemical Analysis
The WDGS and WCGF samples were freeze-dried (−50°C) for 72 h. Once completely dried, all samples were stored in a freezer (−20°C) to maintain sample integrity. Coarse samples were hand ground using a marble mortar and pestle until they reached a uniform consistency. Sub-samples of all co-products were analyzed for the complete nutrient profile required for the Cornell Net Carbohydrate and Protein System (CNCPS; Fox et al., 2004) and the Cornell-Penn-Miner (CPM) dairy model (Tedeschi et al., 2008) . These analyses included DM (AOAC, 2000; method 930.15 ), CP (AOAC, 2000; method 990.06), soluble CP (SCP; Roe and Sniffen, 1990) , NPN (Licitra et al., 1996) , lignin (AOAC, 2000; method 973.18D), ADF, and NDF. Both ADF and NDF were analyzed according to the procedure of Van Soest et al., (1991;  without sodium sulfite) using an Ankom Fiber Analyzer (Ankom Technology, Fairport, NY). Heat stable α-amylase (A3306, Sigma Chemical Co., St. Louis, MO) was included in the NDF and ADF procedures (100 μL per 0.50 g of sample). The NDF and ADF components were further processed for their nitrogen content (NDIN, ADIN; AOAC, 2000; method 984.13) . Samples were also analyzed for ash (AOAC, 2000; method 942 .05), starch (YSI 2700 Select Biochemistry Analyzer, YSI Inc., Yellow Springs, OH; Application Note 322), and sugar (Hall et al., 1999) . Minerals (Ca, P, Mg, K, Na, Fe, Zn, Cu, Mn, and S) were analyzed according to Sirois et al. (1994) . The chloride ion was measured using a potentiometric titrator (Brinkmann Metrohm 716 Titrino titration unit with silver electrode, Brinkmann Instruments Inc., Westbury, NY; Application Bulletin 130). Samples were also analyzed for ether extract (EE; AOAC, 2000; method 2003 .05) using an automated Tecator Soxtec System HT6 (Foss North America, Eden Prairie, MN; Application note AN 301).
Physically effective fiber (peNDF) was determined on subsamples of each original co-product. Coarse subsamples were minimally ground using a marble mortar and pestle to break up pellets and clumps. Excess grinding was avoided to minimize particle shatter, which would interfere with accurate estimates of particle size distribution. Particle size distribution was determined using approximately 200 g (as-fed basis) per sample in duplicate according to AOAC (1996) method S319. United States Bureau of Standard (USBS) sieves #6 (3,350 μm), #12 (1,700 μm), and #16 (1,180 μm) were utilized to determine particle size distribution. The USBS sieves were secured to a Fritsch Analysette sieving device (model 8751, Fritsch GmbH, Idar-Oberstein, Germany). Samples were placed into the top sieve (#6) and sieved for 5 min. Upon completion of sieving, distribution was determined gravimetrically. Proportions of the sample retained on sieves #6, #12, and #16 were composited by sample and replicate and ground through a 1-mm screen (Wiley mill, Arthur H. Thomas Co., Philadelphia, PA). The NDF (Van Soest et al., 1991) concentration was determined on all samples using the Ankom Fiber Analyzer (Ankom Technology). The procedure was modified to not include sodium sulfite and included heat-stable α-amylase (A3306, Sigma Chemical Co.) at 100 μL/0.50 g of sample. Fractions were made fat free by soaking the Ankom bags in acetone for three 10-min periods before analysis for NDF. Physically effective fiber was calculated as percentage NDF (% of DM) multiplied by percentage of particles >1.18 mm (% of DM).
Protein Fractionation
The CNCPS protein fractions A, B 1 , B 2 , B 3 , and C were computed for the co-products according to Sniffen et al. (1992) . Briefly, fraction A is equal to NPN; fraction B 1 is calculated by subtracting NPN from SCP; fraction B 2 is calculated as CP -SCP -NDIN; fraction B 3 is calculated by difference of NDIN and ADIN; and fraction C is equal to ADIN.
In Vitro Gas Production
Determination of in vitro gas production (IVGP) and fermentability on each co-product was conducted at Texas A&M University (College Station) according to the method described by Pell and Schofield (1993) . Feed samples were ground to pass through a 1-mm screen (Wiley mill, Arthur H. Thomas Co.), and approximately 200 mg of each sample was inoculated with rumen fluid and media under anaerobic conditions and fermented in vitro for 48 h. Gas production was measured continuously using a computerized system and data were fitted to the exponential model
where y = IVGP (mL), a = asymptote of IVGP (mL), b = the rate of degradation (1/h), t = time of incubation (h), and c = lag time (h).
Fatty Acid Composition
Subsamples of the co-products were sent to Clemson University (Clemson, SC) for analysis of fatty acids by the direct transesterification procedure of Sukhija and Palmquist (1988) . Fatty acids in samples were converted to methyl esters in 5% (vol/vol) methanolic HCl and separated on a 30 m × 0.25 mm × 0.2 μm film thickness SP2380 capillary column (Supelco Inc., Bellefonte, PA). The column oven was programmed from an initial temperature of 150°C held for 2 min, increased at a rate of 2°C per min, and then held at a final temperature of 220°C for 10 min. Injector and detector temperatures were maintained at 250°C. Heptadecanoic acid was added as an internal standard to all samples. Helium was used as a carrier gas, and verification of peak identity was established by comparison of peak retention times to known standards.
In Situ Bag and Mobile Bag Preparation
Two Holstein steers weighing 663 ± 24 kg and fitted with flexible ruminal and proximal duodenal cannulas were used for the in situ and mobile bag procedures. The steers were housed in a temperature-controlled room in individual pens or metabolism stalls and fed a forage-based TMR once daily at 0700 h at amounts equal to 2.1% of total BW. The ration ingredient composition (% of diet DM) included 40% alfalfa hay, 25% dry rolled corn, 15% brome hay, 10% wet corn gluten feed, 5% soybean meal, and 5% vitamin-mineral supplement. The animals consumed 11.0 ± 1.3 kg of DM per day (1.7% of total BW) and had free access to water. During in situ incubation and duodenal insertions, steers were tied in individual stalls. Between duodenal insertion periods, steers were moved from individual stalls to individual pens for 1 wk to permit exercise. The in situ and mobile bag techniques were used to estimate the proportion of RUP and digestibility of the RUP (dRUP). For each steer, approximately 1.25 g of each sample was weighed into sixty 5 × 10 cm Dacron (Ankom Inc.) nylon bags (pore size of 50 μm), which were then heat-sealed using an Ankom Heat Sealer (Vanzant et al., 1998) . Fifty Dacron bags each were placed into larger nylon mesh bags (36 × 42 cm) that contained 2 secured 100-g weights before rumen incubation to prevent bags from floating in the rumen mat. At 1700 h, 6 large mesh bags per steer were inserted through the rumen cannula into the ventral sac of the rumen and incubated for 16 h (Woods et al., 2003) . The 16-h rumen incubation period was chosen to most closely simulate rumen retention time for these co-products and, as stated by Boucher et al. (2009) , is commonly used by most other published studies, allowing for accurate comparison in estimates. After rumen incubation, all bags were removed and immediately hand rinsed in cold water to cease microbial activity. Thirty of the 60 Dacron bags (hereafter rumen bags) of each feed sample per steer were immediately frozen (−20°C) for later analysis. The remaining 30 Dacron bags per sample per steer (hereafter mobile bags) were used in the mobile bag procedure according to Kononoff et al. (2007) . Briefly, mobile bags were incubated in a pepsin and HCl solution (1 g of pepsin/L of 0.01 M HCl) for 3 h in a 39°C water bath to simulate abomasal digestion. Following the pepsin/HCl incubation, 10 to 12 duodenal bags (≥1 replication/sample) per steer per day were tightly rolled and inserted into the duodenum through the duodenal fistula at 1700 h for 4 consecutive days. One bag was inserted every 5 min to permit movement of previous bags into the intestines and avoid compaction. Mobile bags were collected in the feces when the first bags appeared (approximately 12 h post-insertion) until 24 h post-insertion. Collected bags were hand rinsed in cold water to remove fecal material and immediately frozen (−20°C) until all bags were collected.
RDP, dRUP, and Total-Tract Digestibility
Both rumen and mobile bags were machine-washed using five 3-min cycles consisting of a 1-min wash and a 2-min spin. Bags were then rinsed in distilled water to force all remaining residues to the bottom, rolled, and dried in a 100°C oven for 12 h (AOAC, 1996) . Following drying, bags were removed and immediately weighed to determine residue weight. Rumen and duodenal residues of each co-product were composited by steer and analyzed for N using the combustion method (AOAC, 1996) in a combustion analyzer (Leco FP-528; Leco Corp., St. Joseph, MI). Average RUP, RDP, dRUP, and total-tract CP digestibility (TTCPD) were determined for each feedstuff. The TTCPD was calculated as 1 -total-tract indigestible protein. The RDP was estimated as the proportion of CP that disappeared from the Dacron bag following in situ incubation . The RUP was calculated as 100 − RDP for each feedstuff. The digestible portion of the RUP was assumed to be the percentage of the CP escaping ruminal disappearance but not recovered in the residue following intestinal incubation and was calculated as 100 -(total-tract indigestible protein × 100/RUP) according to Kononoff et al. (2007) .
AA Concentration and Apparent Digestibility
Initial feedstuff samples and in situ bag residues were analyzed for AA. Amino acids were separated [AOAC, 1996; method 982 .30 E (a)], using ion-exchange chromatography with HPLC equipment (Waters, Milford, MA). A 3 mm × 250 mm stainless steel, 10-μm cationexchange resin Li form column was used (Pickering Laboratories, Mountain View, CA) with a flow rate of 0.3 mL/min and a temperature of 42°C. Fluorescence detection at wavelengths of 338 and 425 nm with a Waters 474 Fluorescence Detector measured derivatives of primary amines and o-phthaldialdehyde that are formed post-column. Given that Trp is destroyed by hydrolysis in the AA procedure and therefore must be analyzed separately, a modified procedure by Lewis et al. (1976) was used to quantify Trp. This method is based on converting Trp to the fluorophore norharman in a 2-step reaction involving the cyclization of Trp to a tetrahydronorharman derivative and its subsequent oxidation to norharman. Apparent total-tract digestibility was determined on each AA by determining the portion digested (subtracting the portion of the AA left over in the dRUP from the proportion of the original sample) and dividing the digested portion by the portion in the original sample.
Statistical Analyses
Data were analyzed by using MIXED procedures of SAS (version 9.1, SAS Inst. Inc., Cary, NC). Fixed model effect was feed and random effect was replication. Statistical significance for treatment effects was declared at P ≤ 0.05, and trends were discussed at P ≤ 0.10. The PDIFF option was used to separate and compare differences of least squares means when the P-value for the treatment effect was at P ≤ 0.10. Treatment means are presented as least squares means, and the largest standard error of the mean (SEM) is reported. The linear model for these analyses is as follows:
where y ij represents observation ij , μ represents the overall mean, β i represents the random effect of replication i; and α j represents the fixed effect of feed j. The residual term ε ij is assumed to be normally, independently, and identically distributed with variance σ e 2 .
RESULTS

Chemical Analyses
Chemical analysis of the 7 corn milling co-products is listed in Table 1 . As expected, the CP content was highest for HPDDG (45.4%) and lowest for bran (12.7%). The proportion of CP that is soluble varied from 6.7% for HPDDG to 45.6% for WCGF. In addition, the ADIN in the HPDDG was lowest (0.8% CP), whereas that in DDGS2 (25.0% CP) was highest. Total acid production was analyzed on the wet co-products and was higher for WCGF (7.32%) than for WDGS (2.68%). Germ was highest (9.2%) in sugar content and HPDDG was lowest (0.85%). Bran (32.0%) and germ (29.0%) were much higher in starch content than the remaining coproducts. The NDF content of samples ranged from 21.2% for bran to 36.9% for WCGF. There was a large range in peNDF content among all co-products, and peNDF was highest for WCGF (25.9%) and lowest for DDGS1 (1.60%). Percentage ADF ranged from 6.6% for HPDDG to 25.2% for DDGS2. Similarly, DDGS2 was higher (10.1%) in lignin content compared with other co-products. As expected, germ was highest (17.7%) in ether extract, whereas HPDDG was lowest (4.0%). The mineral composition of the 7 different corn milling co-products is listed in Table 2 . The P content varied greatly among co-products and was lowest for HPDDG (0.35%) followed by bran (0.60%), DDGS2 (0.86%), WDGS (0.87%), DDGS1 (0.92%), germ (1.18%), and WCGF (1.18%). Likewise, the S content of the coproducts was highly variable and ranged from 0.15% for germ to 0.90% for DDGS1.
Particle Size Distribution
Particle size distribution for each corn milling coproduct varied widely and is listed in Table 3 . The proportion of particles >3.35 mm ranged from 0.00% for HPDDG to 10.5% for bran. Likewise, HPDDG (1.45%) had the lowest proportion of particles that measured 1.7 to 3.35 mm, and WCGF (36.9%) had the highest proportion. The percentage of particles measuring 1.18 to 1.7 mm was lowest for DDGS1 (3.51%) followed by HPDDG (10.6%), WDGS (12.3%), DDGS2 (15.1%), WCGF (18.6%), germ (18.9%), and bran (19.4%). In addition, the proportion of particles <1.18 mm was highest for DDGS1 (94.2%) followed by HP-DDG (87.8%), WDGS (82.2%), DDGS2 (60.1%), germ (40.4%), WCGF (39.3%), and bran (37.1%).
Fatty Acid Concentration
The fatty acid (FA) profile of each sample is listed in Table 4 . The highest concentration of total FA (TFA) was observed in germ (14.3%) whereas the lowest was in WCGF (4.9%). Concentration of palmitic acid (C16:0) ranged from 11.5% of TFA for germ to 19.3% of TFA for WCGF. Stearic acid (C18:0) concentration was typically low and averaged 2.31 ± 0.43% of TFA across co-products. The concentration of oleic acid (C18:1 cis) was also similar across co-products and averaged 24.0 ± 2.05% of TFA. As expected, the concentration of linoleic acid (C18:2) was high for all co-products and ranged from 48.3% of TFA in WCGF to 54.2% of TFA in WDGS.
Protein Fractionation
Protein fractions for each co-product are listed in ) was much higher in fraction C than that contained in DDGS1 (4.2%), WCGF (4.1%), germ (3.4%), bran (2.2%), and HPDDG (0.9%).
RDP, dRUP, and Total-Tract Degradability
The proportions of RUP, dRUP, and TTDCP as percentage CP are listed in Table 5 . The co-products varied widely in proportions of RUP: it was highest for DDGS2 (56.3%), followed by HPDDG (55.2%), WDGS (44.7%), DDGS1 (33.2%), bran (20.7%), germ (16.5%), and WCGF (11.5%). The digestible portion of the RUP was highest for HPDDG (97.7%) followed by WDGS (93.1%), DDGS1 (92.1% CP), DDGS2 (91.9% CP), germ (66.8% CP), bran (65.8% CP), and WCGF (51.1% CP). All co-products had high TTDCP (>90% CP) that ranged from 98.7% for HPDDG to 93.1% for bran.
AA Concentration in Co-Products and RUP and Total-Tract Apparent AA Digestibility
The AA concentration (% in CP) of both the original co-products and the RUP are listed in WCGF. In addition, the concentration of Lys was much higher in WCGF (8.9%) compared with germ (4.4%), bran (4.0%), WDGS (2.5%), DDGS1 (2.1%), HPDDG (1.5%), and DDGS2 (1.4%). Similarly, the concentration of Leu was much higher in WCGF (17.5%) than in the remaining co-products, which averaged 8.3 ± 0.86% of CP. In some co-products, Trp was almost undetectable (0.4% for DDGS1, HPDDG, and WDGS) compared with 1.6% for WCGF, 1.2% for germ, and 0.9% for bran. In the RUP fraction, the AA concentration (% of CP) was different across co-products. The concentration of Met in the RUP was low among all co-products and ranged from 1.5% CP for bran to 3.2% CP for HPDDG. The concentration of Lys was also low among co-products and varied from 1.9% CP for DDGS1 to 3.5% CP for WCGF. For all co-products, Leu was relatively high in the RUP portion of the CP and ranged from 8.0% CP for WCGF to 16.2% CP for HPDDG. The concentration of Trp in the RUP followed a similar trend as was observed in the original co-products and was higher for germ (2.5% CP), bran (1.1% CP), and WCGF (0.7% CP) than for DDGS1 (0.5% CP), WDGS (0.5% CP), DDGS2 (0.5% CP), and HPDDG (0.4%).
Across co-products, the apparent digestibility of each AA varied widely (Table 7) . The digestibility of Met was highest for WDGS (93.1%) followed by bran (88.9%), DDGS1 (87.2%), HPDDG (78.3%), WCGF 1 Germ = dehydrated corn germ meal; DDGS1 = dried distillers grains plus solubles (no heating or cooking before fermentation); HPDDG = high protein dried distillers grains (no solubles included); Bran = corn bran plus solubles (pelleted); WDGS = modified wet distillers grains plus solubles; WCGF = wet corn gluten feed; DDGS2 = dried distillers grains plus solubles (had heating and cooking before fermentation). 2 As determined by the procedure of Sukhija and Palmquist (1988) . 3 Concentration of individual fatty acids. 4 Lipid present in co-product other than those characterized in the table. . 5 Digestible portion of the RUP determined using the mobile bag technique . 6 Total-tract CP digestibility determined using the mobile bag technique .
(75.2%), germ (71.9%), and DDGS2 (62.6%). The Lys present in DDGS2 was least (42.2%) digestible followed by that in WCGF (61.0%), germ (65.4%), bran (65.3%), DDGS1 (65.5%), HPDDG (80.5%), and WDGS (80.6%). Leucine appeared to be quite digestible among all co-products and ranged from 70.0% for DDGS2 to 91.2% for WDGS. In contrast, Trp seemed to have low total-tract digestibility overall but was lowest for germ (13.9%) and highest for DDGS2 (58.5%). Among the distillers co-products (DDGS1, HPDDG, WDGS, and DDGS2), DDGS2 appeared to have much lower total-tract digestibilities for most AA.
IVGP
Parameters that determine total gas volume produced during a 48-h fermentation period are listed in Table 8 . The asymptote of IVGP was different among co-products and was much higher for germ (52.1%) and bran (50.1%) than for DDGS1 (38.6%), HPDDG (37.5%), WDGS (40.7%), WCGF (39.0%), and DDGS2 (40.1%). The rate of degradation was highest for germ (19.3%/h) followed by HPDDG and bran (16.1%/h), DDGS1 (14.6%/h), WCGF (11.9%/h), DDGS2 (10.3%/h), and WDGS (9.1%/h). Lag time was similar across different feedstuffs.
DISCUSSION
The CNCPS assigns intestinal digestibility coefficients to all fractions, and subdivides the true protein fraction B into 3 categories based on ruminal availability (Schwab et al., 2003) . The protein fractions reported for the co-products in this study are comparable to values determined by Kleinschmit et al. (2007) on 5 DDGS produced at various ethanol plants. In their study, values ranged from 5.2 to 9.8, 0.1 to 1.8, 40.9 to 51.1, 22.7 to 41.4, and 7.5 to 23.1% CP for fractions A, B 1 , B 2 , B 3 , and C, respectively. Additionally, the authors characterized differences in ruminal CP degradability using the in situ procedure, determined intestinal digestion of RUP using pepsin and pancreatin, and measured postruminal amino acid availability on residues from a 12-h ruminal incubation of feeds. Compared with the current study, slightly higher values for RUP (59.1 to 71.7% CP for DDGS and 53.6% CP for wet distillers grains) and much lower values for total-tract CP digestibility (70.7 to 85.3% CP for DDGS and 81.9% CP for wet distillers grains) for various samples of distillers grains were observed. Nevertheless, the authors concluded that significant differences exist in protein degradation and digestibility among various sources of distillers grains plus solubles. The high protein content of HPDDG was expected because the fractionation process concentrates the major components that comprise the corn kernel. Although HPDDG had the highest CP among co-products, the portion of soluble protein in HPDDG was low (6.7%). Because soluble protein is assumed to be immediately degraded in the rumen Schwab et al., 2003) , HPDDG also had the lowest proportion of fraction A (0.6% of CP) and almost the highest RUP (55.2% of CP). The only co-product that was higher in RUP than HPDDG was DDGS2, which may be due to heat-damaged protein as indicated by its low soluble protein content (16.6% of CP), high ADIN content (25.0% of CP), and corresponding high protein fraction C (27.9% of CP). In addition, co-products with higher C fractions also had correspondingly elevated ADF contents likely caused by excessive heating (Kleinschmit et al., 2007) .
Excessive heating of forages and silages increases lignin, lignin-bound N, and ADF contents (Van Soest, 1965) , lowers concentration of hemicellulose (Goering et al., 1973) , and decreases protein digestibility by 12 to 60% (Bechtel et al., 1945; Miller et al., 1967; Yu and Thomas, 1975; Yu and Viera, 1977; Weiss et al., 1986) . The ADIN concentration increases in heated forages, which suggests that acid-stable linkages are formed between N compounds and other forage constituents during the Maillard reaction (Van Soest, 1965) . Proteins are denatured by high temperatures and may have lower solubility and rates of degradation in the rumen and may be unavailable for ruminal digestion . It has been well documented that apparent protein digestibility and animal performance decrease when animals consume heated forages (Bechtel et al., 1943; Bratzler et al., 1960; Wieringa et al., 1961; Hill and Noller, 1963; Goering et al., 1973) . However, several studies have demonstrated that variable amounts of ADIN, particularly found in concentrate sources, can provide amino acids postruminally (Nakamura et al., 1994; Klopfenstein, 1996; Schwab et al., 2003) . Naka- Gas production was measured continuously with a computerized system over a 48-h fermentation period. Data were fitted to an exponential model.
2 Germ = dehydrated corn germ meal; DDGS1 = dried distillers grains plus solubles (no heating or cooking before fermentation); HPDDG = high protein dried distillers grains (no solubles included); Bran = corn bran plus solubles (pelleted); WDGS = modified wet distillers grains plus solubles; WCGF = wet corn gluten feed; DDGS2 = dried distillers grains plus solubles (had heating and cooking before fermentation). mura and colleagues (1994) observed similar apparent N digestibility (61.3 to 65.1 ± 1.3%) among different sources of distillers grains with widely variable ADIN values (7.8 to 27.9% of total N). Additionally, Woods and colleagues (2003) observed high intestinal digestibility (97-98%) of soybean meal samples containing high concentrations of ADIN (6.59 ± 1.24% DM). Therefore, ADIN may not be an accurate indicator of unavailable protein for corn milling co-products because the digestible portion of the RUP (91.2% CP) and total-tract digestibility (95.4% CP) for DDGS2 were similar to the distillers grains products (DDGS1 and HPDDG) that had much lower concentrations of ADIN. Digestibility of ADIN in forages is highly variable but averages 30% (Goering et al., 1972; Yu and Viera, 1977; Weiss et al., 1983 ). However, Van Soest (1994 proposes 60% of ADIN in distillers grains is digestible when fed to ruminants. The ADIN may be truly digested, metabolic N in the feces may be reduced, a portion of the ADIN could be absorbed from the small intestine and excreted in the urine, or a combination of these postulations may explain why ADIN does not reflect protein digestibility in distillers grains (Van Soest, 1994) .
The mobile bag technique is most commonly used to measure protein digestibility in the small intestine of ruminant animals (Van der Poel et al., 2005) . The low proportions of RUP for germ (16.5%), bran (20.7%), and WCGF (11.5%) may be attributed to their respective high proportions of fraction A. In addition, lower digestible portions of protein in the small intestine for these nonforage fiber sources (66.8% or germ, 65.8% for bran, and 51.1% for WCGF) may be due to their higher rates of degradation and overall lower proportion of protein in these feeds . More protein in these co-products was degraded in the rumen, and the low values of RUP are likely of small practical importance because these co-products are generally not used as sources of bypass protein. Zhao and Cao (2004) reported that in vitro-estimated digestible CP might be highly correlated with the CNCPS protein fractions, which may serve as an alternative method for estimating CP utilization. The estimates of RUP and dRUP for corn distillers grains in the NRC (2001; assuming DMI = 4.1% of BW) are 50.8 and 80.0%, respectively. These default values may be applicable for some samples, such as DDGS2; however, ranges in both RUP and dRUP across samples demonstrate major differences and underline the importance of proper characterization of protein from corn milling co-products. The proportion of TTCPD was high (>90%) for all samples, indicating the high degree of digestibility of protein in all corn milling co-products.
The small particle size of all samples used in the in situ procedure may be one factor that results in an overestimation of ruminal degradation (Dewhirst et al., 1994) . Even though some particles may be indigestible, they escape through the pores of the Dacron bag and are assumed degraded. In addition, the bags were not corrected for microbial attachment following incubation as suggested by Klopfenstein et al. (2001) . Those authors recommend refluxing the in situ bags in neutral detergent solution to remove microbial contamination from the residue. Refluxing with detergent solution is assumed to safely remove microbes attached to residue particles without altering RUP. However, it is generally understood that concentrate feeds have little microbial attachment, and microbial contamination was assumed uniform when comparing differences of co-products (de Boer et al., 1987; von Keyserlingk et al., 1996) . Nonetheless, this technique is effective in comparing rumen degradability of feed samples with similar particle size (de Boer et al., 1987; Kononoff et al., 2007) .
Phosphorus contents for DDGS1 (0.92%), WDGS (0.87%), and DDGS2 (0.86%) were similar to NRC (2001) values. However, P for HPDDG was much lower (0.35%) than documented values in the NRC (2001). This difference is likely explained by the addition of condensed corn distillers solubles to DDGS1, WDGS, and DDGS2 but not to HPDDG. The condensed corn distillers solubles was relatively rich in P (1.53%; Sasikala-Appukuttan et al., 2008) . The high P content of germ was in line with the observations of Ponnampalam et al. (2004) and was expected because of the high concentration of P in the germ component of the corn kernel. The concentration of sulfur contained in the co-products was generally higher than reported values in the NRC (2001) feed library and is likely due to variation in manufacturing processes among ethanol plants (Spiehs et al., 2002) .
Differences were also observed in the AA profile of RUP across co-products. The NRC (2001) default values for Lys and Met in the RUP fraction are 2.24 and 1.82% CP, respectively. Similar to RUP estimates, NRC (2001) values for Lys and Met are close to those observed in DDGS2, but Lys ranged from 1.86% CP for DDGS1 to 3.5% CP for WCGF, and Met ranged from 1.45% CP for bran to 3.17% CP for HPDDG. Apparent total-tract AA digestibilities were generally lower in DDGS2, perhaps because of its high ADIN content. Kleinschmit and colleagues (2006) conclude that lower levels (0.44 to 0.52% DM) of ADIN in distillers grains with solubles may improve protein quality and allow increased absorption of essential amino acids. Results of this study reiterate the degree of variation in chemical composition associated with different corn milling coproducts produced from the same or different ethanol plants (Belyea et al., 2004) .
Physically effective fiber is defined as the portion of dietary fiber particles longer than 1.18 mm and it is necessary for sustaining the ruminal mat layer, stimulating rumination, and increasing salivation in dairy cattle (Kononoff and Heinrichs, 2003) . Particle size distribution was quite different among the 7 corn milling co-products. Physical effectiveness of fiber in any feedstuff is highly correlated to its particle size and fiber content (Grant, 1997) . Although co-products are excellent sources of highly digestible fiber, their particle size may not be sufficient to provide peNDF (Mowrey et al., 1999) . When NDF was analyzed on particles >1.18 mm, the values obtained were greater than total sample NDF content. Generally, the distillers grains coproducts evaluated in this study have high proportions of particles <1.18 mm and corresponding low values for peNDF. However, an exception to this observation is DDGS2, which had 60.1% of particles <1.18 mm compared with 94.2% for DDGS1, 87.8% for HPDDG, and 82.2% for WDGS, and had 17.7% peNDF compared with 1.60% for DDGS1, 6.28% for HPDDG, and 7.63% peNDF for WDGS. The DDGS2 co-product had sizeable clusters of solubles that could not be easily broken, which may have distorted particle size distribution and inflated peNDF measurements. Germ (40.4%), WCGF (39.3%), and bran (37.1%) had similar and much lower proportions of particles <1.18 mm. Therefore, the peNDF content for these co-products was much higher than observed with the distillers grains co-products (21.1, 25.9, and 17.4 peNDF for germ, WCGF, and bran, respectively). Allen and Grant (2000) reported a higher peNDF value (32.0%) and a higher NDF content (43.9%) for wet corn gluten feed than was determined on WCGF in this study (25.9 and 36.9%). These nonforage fiber sources may be included in diets for lactating dairy cows as highly digestible energy sources without the great risk of ruminal acidosis associated with rapidly fermented starch sources (Mowrey et al., 1999; Boddugari et al., 2001) . Adequate amounts of peNDF in dairy rations are important to prevent ruminal acidosis, which may depress intake, milk and milk fat production, and fiber digestion (NRC, 2001) .
The FA profile (% TFA) of corn grain (4.25% TFA) is 0.04% C14:0, 13.6% C16:0, 1.8% C18:0, 23.2% C18:1 cis, 57.6% C18:2, 1.8 C18:3, and 1.3% other lipid (Duckett et al., 2002) . Generally, the FA profiles of the co-products were similar to FA profiles reported for corn by Duckett and colleagues (2002) and DDGS reported by Leonardi et al. (2005) . Because of a high concentration of lipid in the germ fraction of the corn kernel (Murthy et al., 2008) , the germ co-product was expected to have more total FA than other co-products.
In vitro gas production resulting from microbial fermentation may be an accurate indication of feed digestibility in ruminants (Schofield et al., 1994) . The asymptote (a), as well as the rate (b) of IVGP was observed to be higher for germ and bran co-products compared with other co-products. These results are likely a function of the high concentrations of sugars and starch found in germ (9.2% and 28.8%) and bran (5.1% and 32.0%). Sugars and starches from processed cereal grains are rapidly fermented by ruminal microbes . Nevertheless, the remaining co-products had relatively high levels of IVGP, which suggests they are rich sources of highly fermentable fiber. Because fat may negatively affect the ability of ruminal microbes to attach to and digest fibrous particles, potential IVGP may be greater than observed in this study if fat is removed before fermentation. In addition, germ and bran co-products were observed to have larger particles than other co-products. Research conducted by Udén (1992) suggested that in vitro lag time was shorter as forage particle size was reduced. Smaller particle size increases surface area available for microbial attachment, which may reduce lag time and enhance digestibility (Kitessa et al., 1999) . Results of the current study demonstrate that corn milling co-products differ in the composition of carbohydrate, and these differences also exist in the pattern of ruminal fermentation and nutrient availability.
CONCLUSIONS
Ration formulation software programs are modified to include sub-models that account for differences in various chemical compositions, rates of degradation, and nutrient availabilities of feedstuffs. Extensive research has determined chemical composition and nutrient availability information for traditional corn milling co-products, but novel co-products have not yet been readily characterized. This research demonstrates the large variation present across different types of corn milling co-products. Crude protein was highest for HP-DDG (45.4%) and lowest for bran (12.7%), RUP was highest for DDGS2 (56.3% CP) and lowest for WCGF (11.5% CP), dRUP was highest for HPDDG (97.7% CP) and lowest for WCGF (51.1% CP), and TTDCP was greater than 90% CP for all co-products. The NRC (1996) assumes 80% RUP digestibility in the small intestine for all feedstuffs, whereas the NRC (2001) allows for variable intestinal digestibility of RUP, which ranges from 50 to 100% across feedstuffs. Recently determined values as inputs for chemical composition and 2813 OUR INDUSTRY TODAY nutrient availability in nutrition models may be more valuable than "book" values when formulating livestock rations. Furthermore, this research demonstrated the importance of understanding the chemical composition of similar feed products originating from different production facilities. When the accuracy of these inputs improves, rations can be formulated more precisely to meet animal requirements and models are better able to predict performance based on available metabolizable energy and protein.
